Nomadism in animals is a response to resource distributions that are highly variable in time and space. Using the avian fauna of the Mediterranean-climate region of southcentral Australia, we tested a number of variables to determine if they predicted nomadism. These variables were species body mass, the distance in body mass terms to the edge of a body mass aggregation, and diet (for example, seeds, invertebrates, nectar, or plants). We utilized two different classifications of the avifauna that diverged in their definition of nomadic to build two different predictive models. Using both classifications, distance to the edge of a body mass aggregation was found to be a significant predictor of nomadism. There was also evidence that nomads tend to feed on nectar and tend to be large. The significance of the variables body mass and diet (nectar) may reflect the greater energy requirements of large birds and the inherent variability of nectar as a food source. The significance of the variable distance to the edge of a body mass aggregation provides further evidence of inherent variability in resources between domains of scale. The edges of body mass aggregations are hypothesized to be areas of increased resource variability that reflect the transition from one scale of landscape pattern to another.
INTRODUCTION
Nomadism is most prevalent in ecosystems with resources that are highly variable in space and time (Sinclair 1984) . Nomadism is characterized by unpredictable movements in space and time that track unpredictable changes in resource distribution and abundance. Thus, nomadic species tend to occur disproportionately in arid or semi-arid ecosystems (Davies 1984) . Nomadism in birds has been relatively little studied, and surprisingly little is known of the ecological correlates of nomadism. Dean (1997) reported that nomadic species of the South African Karoo tended to be granivores, especially feeding on grass seeds, and further noted that nomadic species that feed on grass tended to be small. Davies (1984) found that nomads tend to feed on seeds or nectar, but also stated that some nomads are raptors, tracking rodent outbreaks. It is possible to imagine that nearly all resources in arid and semi-arid environments are highly variable in space and time and that their exploitation would lead to the evolution of nomadism, yet few species of birds are in fact nomadic, even where nomadism is relatively common.
It is clear that nomadism is most common in ecosystems with high variation in resource abundance, often associated with low, variable, and unpredictable rainfall patterns (Davies 1984; Wiens 1991) . For example, Keast (1968) documented a negative correlation between nomadism and rainfall in honeyeaters; Wiens (1991) suggested that the higher prevalence of nomadism in Australia as compared to North America was due to higher variability in rainfall; and nomadic South African larks have been reported to breed where rains have recently fallen (Maclean 1996) . Nomadism in humans occurs in arid regions at the periphery of settled heartlands; the reversion of sedentary peoples to nomadic lifestyles may be a response to environmental changes leading to increased aridity (Rosen 1988) . However, it is not known exactly what resources, and what other traits may be associated with and predictive of nomadism. Our purpose was to determine which-if any-of a number of variables suggested or theoretically predictive of nomadism, do so in the Mediterranean-climate region of southcentral Australia. Schodde (1981) reviewed the birds of the Mallee ecosystems of Australia, which includes the Lofty Block of the Interim Biogeographic Regionalization for Australia (Thackway and Cresswell 1995) . He provided a list of species inhabiting this region and a categorization of species diet, and then classified species as nomadic or sedentary/migratory.
A number of variables may theoretically predispose a species toward nomadism. Specializing-in certain food sources that tend to be more ephemeral and unpredictable than others may lead to the evolution of a nomadic lifestyle. Thus, one set of variables (four diet types) focused upon the type of food resource utilized by a species. Body size correlates with a number of traits and ecological attributes of species (Eisenberg 1981 ), so we incorporated body size (mass) into our model. A final variable focused upon the link between the scalespecific nature of ecological pattern and structure and discontinuous body mass distributions (Holling 1992) . The independent variables, and their basis for inclusion in our models, are further discussed below.
METHODS
Our area of interest was the Mediterranean-climate region of southcentral Australia, near the city of Adelaide, the capital of the state of South Australia, an area largely encompassed by the Lofty Block of the Interim Biogeographic Regionalization of Australia (Thackway and Cresswell 1995) (Figure 1 ). This region is characterized by cool, wet winters and hot, dry summers. It is an area of nearly 24,000 km 2 that includes the southern Flinders Ranges, the Mount Lofty Ranges, and Kangaroo Island. The description of the Lofty Block given in the Interim Biogeographic Regionalization of Australia (Thackway and Cresswell 1995) is "eucalypt open forests and woodlands and heaths on mottled yellow and ironstone gravelly duplex soils in the wetter areas and red duplex soils in drier areas; now largely cleared for agriculture and urban development." The region has been extensively cleared of native vegetation, so that less than 5% of the former vegetation cover remains (Paton and others 2000) .
We utilized published sources to determine our species list (Schodde 1981) and average body masses (Dunning 1993) . Where published body mass estimates were not available, we used unpublished data provided by R. Schodde (n ϭ 23). Species for which no body mass estimates were available were omitted from analyses (n ϭ 6). We used two interpretations of nomadism. Our first interpretation utilized the published scheme of Schodde (1981) , which provided a categorization of species as nomadic or sedentary. However, these classifications are general and may not always differentiate the situation where a species may be resident over part of its range but migrant, vagrant, or nomadic over other parts of its range. Therefore, we also We used logistic regression (SAS Institute 1989) to determine significant predictors of nomadism, building two different models based upon the two different categorizations of nomadism. The binary response variable was whether or not a species was classified as nomadic. The independent variables were species body mass; the distance in body mass terms to the edge of a body mass aggregation (edge); and seed, invertebrate, nectar, or plant diet. We used backward selection logistic regression (Menard 1995) , which provides an appropriate method for estimating a multiple regression when the dependent variable is binary (that is, 0 or 1). We set the significance level of independent variables to stay in the model at 0.1. We aggregated dietary categories of Schodde (1981) that were represented by too few species and where aggregation was biologically meaningful. Thus, the diet of Aquila audax was classified as invertebrate although it eats mammals, birds, and reptiles; the diets of Dicaeum hirundinaceum, Lichenostomus leucotis, Lichenostomus plumulus, and Cuculus pallidus were classified as nectar although they eat primarily fruit; and the diet of Glossopsitta porphyrocephala was classified as nectar although it feeds primarily on pollen.
The independent variables were chosen because there was a theoretical basis for believing that these variables may influence, or be related to, the occurrence of nomadism. The variable body mass was chosen because larger species have higher energy requirements (Lasiewski and Dawson 1967) , which may require tracking of high-energy resources that appear unpredictably in Mediterranean-climate ecosystems.
The variable distance to a body mass aggregation edge (edge) was utilized because it has been suggested that the edge of body mass aggregations mirror scale breaks in ecological structure and are associated with high biological variability in attributes such as community composition. Allen and others (1999) documented a nonrandom distribution, in terms of the body mass pattern, of nonindigenous and declining species for three taxonomic replicates (herpetofauna, birds, and mammals) from the south Florida subecoregion and a similar pattern in nonindigenous species in birds and mammals from Mediterranean-climate Australia. Nomadism represents another type of biological variability theoretically associated with scale breaks.
To determine body mass structure-that is, the location of body mass aggregations ("lumps") (sensu Holling 1992 ) and gaps in the body mass distribution of the birds of our study area-we used computer simulations to locate significant discontinuities in the body mass distribution. Simulations compared actual body mass data with a null distribution established by estimating a continuous unimodal kernel distribution of the log-transformed data (Silverman 1981) . Gaps were defined as areas between successive body masses that significantly exceeded the discontinuities generated by the continuous null distribution (Restrepo and others 1997) . A species aggregation was a grouping of three or more species with body masses not exceeding the expectation of the null distribution. Each species aggregation, or lump, is defined by two endpoint species and their respective body masses. Thus, the variable distance to body mass aggregation edge is measured as the distance in body mass units to the nearest body mass aggregation defining (endpoint) species. It is assumed that species within an aggregation perceive and exploit their environment at the same ecological scale, which differs from species in other body mass aggregations (Peterson and others 1998; Allen and others 1999) . The variables seed, invertebrate, nectar, or plant related to the predominant diet of the species, as classified by Schodde (1981) . Since different resources vary in their reliability and persistence over space and time, diet may be related to nomadism.
RESULTS
The avian species list for the Adelaide region Mallee of southcentral Australia, as published by Schodde, included 130 native species. However, we were unable to find body mass estimates for six species (Sericornus pyrrhopygius, Plectorhyncha lanceolata, Pardalotus xanthopygus, Emblema guttata, Struthidea cinerea, Strepera versicolor) and therefore eliminated them from our analyses. Schodde classified 76 species as nonnomadic and 48 species as nomadic (Table 1). Saunders and Reid provided a classification that differed from that of Schodde (Table 1) and classified only 24 species as nomadic. Differences between the Saunders and Reid classification and the Schodde classification were not restricted to reclassifying half of Schodde's nomadic species as "not nomadic" but also included classifying species considered resident by Schodde as nomadic. The diet of 60 species consisted primarily of seeds; the diet of 41 was classified as consisting primarily of invertebrates; 16 were classified as nectar feeders; and seven fed primarily on other plant material (Schodde 1981) (Table 1) . The body mass distribution of the bird community studied was discontinuous. We identified 11 significant aggregations of species. The body mass structure of those communities is given in Table 1 .
Because of the small number of species that were categorized as plant feeders, the variable plant was removed from our models. Using the nomad classification scheme of Schodde, the backward selection process selected a significant (P ϭ 0.0001) twovariable model (Table 2 ). The significant variables were body mass (P ϭ 0.001) and proximity to body mass aggregation edge (P ϭ 0.011). The variable nectar (P ϭ 0.11) approached significance. Observed concordance in responses was 73%. The Hosmer and Lemeshow goodness-of-fit test statistic (9.3, 8 df, P ϭ 0.32) indicates that the null hypothesis that the model fits the data well cannot be rejected. We also tested for model fit by comparing AIC values (Akaike 1969) for all possible models (all variable and interaction combinations) and confirmed that the two variable model was the best fit. The final backward selection model took the following form:
Logit (nomad) ϭ Ϫ2.317⅐intercept ϩ 1.313⅐mass Ϫ 1.207⅐edge distance Using the nomad classification scheme of Saunders and Reid, the backward selection process also converged upon a significant (P ϭ 0.03) two-variable model (Table 3 ). The significant variables were nectar diet (P ϭ 0.075) and proximity to body mass aggregation edge (P ϭ 0.086). Observed concordance in response was 62%. The Hosmer and Lemeshow goodness-of-fit test statistic (5.6, 8 df, P ϭ 0.69) indicates that the null hypothesis that the model fits the data well cannot be rejected. The final backward selection model took the following form:
DISCUSSION
Nomadism as an ecological phenomenon in birds, humans, and other animals has vaguely been explained away as a response to variable environments. Although this is undoubtedly true, it does little to address the basic question; Given a suite of species in a variable environment, what predicts which species will be nomadic?
Nomadic species in the Lofty Block of southcentral Australia were associated with the edge of body mass aggregations using two divergent and independent classification schemes. The Schodde classification scheme also yielded mass as a significant Nomenclature follows Christidis and Boles (1994) . Two different interpretations of nomad have been used,- Schodde (1981) predictor of nomadism. In that model, the closer a species is, in body mass terms, to a body mass aggregation edge, and the larger a species is, the more likely it is to be nomadic. Using the classification scheme of Saunders and Reid, body mass was not a predictor of nomadism but a nectar diet was. The Schodde categorization scheme lent itself better to logistic model building, simply because the response variable was more approximately evenly distributed between the response (nomadic) and no-response states; the classification scheme of Saunders and Reid considered 50% fewer species to be nomadic. However, the association of nomadic species with body mass aggregation edges was robust despite these large differences in the categorization of nomadism. Allen and others (1999) documented that invasions and extinctions in the vertebrate fauna of south Florida and Australia were associated with the edge of body mass aggregations. Invasion and extinction represents community-level turnover in species composition, while nomadism represents population-level, temporal turnover. All these phenomena reflect high variability in animal communities at the ecosystem level and are distributed nonrandomly in terms of body mass distributions. Allen and others (1999) hypothesized that the edge of body mass aggregations were scale breaks and analogous to phase transitions between one range of scale of landscape pattern and another. They predicted that other biological phenomena indicative of high variability would be associated with the edge of body mass aggregations. The occurrence of nomadic species at scale breaks confirms that prediction and suggests greater variability in resources at scale breaks.
We suggest that this reflects a response to ecological patterns that vary with scale. At larger scales that pattern may be largely due to the spatial configuration of patches (Morton 1990 ), but at small scales that pattern is due to the architecture of twigs, branches, and other vegetation. An animal cannot simultaneously interact with multiple scales of pattern; it must either specialize at a single scale or shift back and forth between two scales. The scales of pattern available in an ecosystem, determined by the scale domains of key processes interacting (self-organizing) with existing structure, determine the number of body mass aggregations in an animal body mass distribution. The number of species within a given body mass aggregation should reflect the overall availability of resources at that scale. The change from one scale of pattern to another is not continuous; rather, it is abrupt, without transition. If this is the case, having a body mass that places an animal in between scales will not be adaptive, since there is no resource pattern or ecological structure with which to interact, and this absence of pattern will cause the gaps observed in body mass patterns, either through species assortment or character (mass) displacement. However, exploiting the environment close to these scale breaks, and perhaps being able to flip back and forth between scales, may be advantageous, especially in highly variable systems.
The evidence for a link between landscape structure at different scales and body mass patterns is critical for this argument. However, because the (2000), Havlicek and Carpenter (2001) , and Forys and Allen (2002) suggest that body mass structure is a conservative property, robust to both perturbations and large turnover in community composition. The association of attributes of species independent of the determination of body mass structure, invasiveness and decline (Allen and others 1999) , and nomadism provide further strong evidence that the pattern identified in body mass distributions is not a statistical artifact. The analysis of landscape patterns has demonstrated that changes in spatial pattern across different ranges of scales are described by different scaling relationships (Krummel and others 1987) . Furthermore, the analysis of the relationship between species richness and spatial scale has shown the existence of different scaling relationships at different scales (Crawley and Harral 2001) . In between scales, there are sharp breaks between these scaling regimes (Krummel and others 1987; Crawley and Harral 2001) . A direct link between body mass aggregations and landscape pattern remains elusive, but others have demonstrated a relationship between body mass and vegetation structure (Morse and others 1988; Shorrocks and others 1991) . Also, Sendzimir (unpublished) has established a qualitative relationship between body mass aggregations and the scale and texture of mammal landscape use. Raffaelli and others (2000) conducted manipulations of marine sediment invertebrate assemblages and demonstrated that while perturbations affected densities and abundance of taxa, aggregations and gaps in size spectra were conserved. They concluded that the size spectrum was probably constrained by habitat structure-a finding that strongly supports the textural discontinuity hypothesis of Holling (1992) . Thus, the weight of current evidence supports the proposition that body mass patterns are entrained by, and correspond to, landscape structure at different scales. The evolution of nomadism may be an adaptive response to increased variability following environmental change experienced by species living at affected scales, or it may be an adaptive response of species forced to less optimal scales and habitats by interspecific interactions. In systems with high inherent resource variability, species that exploit resources between distinct ranges of scales may be especially prone to the evolution of nomadic behavior. As resources bottleneck and general variability increase, species strategies may become more inflexible. Species must either specialize within a single scale-if body size, competitive interactions, and resource distributions allow it-or they will be forced into nomadism. In humans, nomadism occurs at the periphery of settled heartlands (Rosen 1988) , but this "marginal" existence may lead to innovation, such as the development of animal domestication. A combination of variability from extrinsic environmental factors and the intrinsic variability inherent in exploiting the environment at or near scale breaks may be especially fertile for the evolution of complex behaviors. The existence of general, flexible behaviors, such as those represented by nomadism, across multiple scales may add to the resilience of ecosystems facing rapid environmental change.
